Wnt/β-catenin signaling is essential for the initiation of dorsal-ventral patterning during vertebrate embryogenesis. Maternal β-catenin accumulates in dorsal marginal nuclei during cleavage stages, but its critical target genes essential for dorsalization are silent until mid-blastula transition (MBT). Here, we find that zebrafish net1, a guanine nucleotide exchange factor, is specifically expressed in dorsal marginal blastomeres after MBT, and acts as a zygotic factor to promote the specification of dorsal cell fates. Loss-and gain-of-function experiments show that the GEF activity of Net1 is required for the activation of Wnt/β-catenin signaling in zebrafish embryos and mammalian cells. Net1 dissociates and activates PAK1 dimers, and PAK1 kinase activation causes phosphorylation of S675 of β-catenin after MBT, which ultimately leads to the transcription of downstream target genes. In summary, our results reveal that Net1-regulated β-catenin activation plays a crucial role in the dorsal axis formation during zebrafish development.
Introduction
A conserved feature of all vertebrate embryos is the establishment of a basic body plan, which includes the specification of both the anterior-posterior and dorsal-ventral axes [1, 2] . Previous studies have found that maternal Wnt/β-catenin signaling is required for the initiation of dorsal-ventral patterning in the developing embryos [3] [4] [5] [6] [7] [8] . β-catenin is the major effector of the canonical Wnt signaling pathway, and its stability and activity determine subsequent expression of downstream target genes. When Wnt signal is absent, β-catenin is degraded by a destruction complex consisting of Axin, adenomatous polyposis coli protein, casein kinase 1α (CK1α) and glycogen synthase kinase-3β (GSK-3β), which phosphorylates β-catenin on N-terminal serine and threonine residues for ubiquitin-mediated degradation [9] [10] [11] . The presence of the Wnt ligand inhibits the degradation complex and causes β-catenin stabilization and subsequent translocation to the nucleus, where it activates target gene transcription [12, 13] . In anamniotes, following fertilization, a microtubule-dependent movement leads to the asymmetric localization of maternal Wnt ligands, which triggers the accumulation of β-catenin in the blastomeres of the prospective dorsal side during cleavage stages [4, 14] . Although this asymmetrical β-catenin accumulation activates the transcription of a small number of genes before the mid-blastula transition (MBT) [15] , critical target genes that inhibit the action of ventralizing factors, including bozozok (boz) and chordin (chd), are not expressed until after the MBT [1, 2, [16] [17] [18] [19] . These observations suggest that the transcriptional activity of nuclear β-catenin may be limited before MBT. Further elucidation of the cellular modification and subsequent β-catenin activation is crucial in understanding these de-velopmental processes.
Phosphorylation of β-catenin not only causes its degradation, but has also been shown to induce other effects on its cellular function [20] . In addition to phosphorylation by GSK-3β and CK1α at the N terminus, β-catenin can also be phosphorylated at S552, Y654, S663 and S675, resulting in enhanced protein stability or transcriptional activity [20] [21] [22] [23] [24] . However, the developmental roles of these C-terminal modifications of β-catenin in vertebrate dorsal axis formation have not yet been elucidated.
Accumulating evidence indicates that the Rho GTPase-mediated phosphorylation of β-catenin plays a vital role in regulating Wnt signaling. RhoA, Rac1 and Cdc42 belong to Rho family of small GTPases, and act as molecular switches that cycle between an inactive GDPbound state and an active GTP-bound state. The activation of Rho GTPases is tightly controlled by specific guanine nucleotide exchange factors (GEFs) that stimulate the exchange of GDP for GTP, which is important for many actin-dependent processes such as cell migration, adhesion and morphogenesis [25, 26] . It has been shown that Rac1 activates JNK2 that in turn phosphorylates β-catenin at Ser191 and Ser605 and controls β-catenin nuclear translocation in the mouse bone marrow-derived ST2 cell line [27] . Rac1 also activates p21-activated kinase 1 (PAK1) to promote β-catenin S675 phosphorylation and activation in colon cancer cells [23] . A number of GEFs for the Rho family of small GTPases also play vital role in regulating Wnt/β-catenin signal. In colorectal cancer cells, Rac1 exchange factor Tiam1 associates with Wnt-responsive promoters in response to Wnt ligand stimulation and activates nuclear Rac1 to enhance Wnt target gene transcription [28] . In colon cancer and HEK293 cells, DOCK4 and β 1 Pix, two other Rac GEFs, can also promote canonical Wnt signaling by enhancing either the stability or transcriptional activity of β-catenin [29, 30] . Furthermore, a recent study indicated that Rho GEF Pebble/ECT2 plays a conserved role in inhibiting Wnt activity downstream of β-catenin stabilization, and that loss and gain of its function in Drosophila embryos cause patterning defects [31] . Our previous study revealed that one such GEF, neuroepithelial cell transforming 1 (net1), is highly expressed in the pre-dorsal organizer at the onset of gastrulation in the zebrafish embryo [32] . Given that net1 is spatially and temporally expressed in a region of the zebrafish embryo in which Wnt signaling is known to play a prominent role during development, it seems plausible that Net1 is likely to be involved in the Wnt/β-catenin pathway.
Net1 is a RhoA-specific GEF originally isolated from neuroepithelioma cells as a novel oncogene [33] . Net1 protein contains a catalytic Dbl homology (DH) domain and an adjacent pleckstrin homology (PH) domain flanked by N-and C-terminal extensions [34] . The DH and PH domains are necessary for binding to the GTPase and stimulating nucleotide exchange activity [34] . Because Net1 possesses two nuclear localization signal (NLS) sequences in its N-terminus, wild-type Net1 mainly resides in the nucleus [35] , but Net1 can enter the cytoplasm, and only cytoplasmic Net1 activates RhoA and induces stress fiber formation [36] . Mutation in NLS or deletion of the N-terminus resulted in a partial redistribution of Net1 to the cytosol [35, 36] . Therefore, nuclear localization of Net1 provides a potential mechanism for sequestering GEF away from RhoA [35] . However, nuclear Net1 also exists in an active form and has been reported to increase nuclear RhoB activity upon treatment with DNA damaging agents [37] , but its physiological roles are not well defined.
Net1 and RhoA have been shown to play important roles in various aspects of vertebrate embryonic development and organogenesis. In Xenopus, Net1 associates with Dishevelled and activates RhoA to regulate gastrulation [38] . In chick gastrulation-stage embryos, reducing Net1 or RhoA expression in epiblast cells prior to the epithelial-to-mesenchymal transition (EMT) leads to ingression and migration defects [39] . In mouse embryos, net1-deficient mammary glands exhibit decreased RhoA-mediated phosphorylation of the regulatory subunits of myosin light chain and myosin light-chain phosphatase, which results in reduced and disorganized ductal branching [40] . Furthermore, in zebrafish, RhoA has been shown to control convergence and extension (CE) during gastrulation [41] . However, the developmental role of Net1 has never been assessed in zebrafish embryonic development. While our previous study showed that net1 is expressed in the pre-dorsal organizer of the zebrafish embryo [32] , the mechanism by which Net1 elicits downstream effects remains to be elucidated.
Here, we demonstrate that Net1 regulates the phosphorylation of β-catenin at S675, which is essential for the induction of downstream β-catenin transcriptional activity that specifies dorsal cell fates. Net1 acts upstream of PAK1 to promote β-catenin phosphorylation during early embryonic development. Specifically, we show that Net1, via an unidentified GTPase, dissociates and activates PAK1 dimers, which in turn phosphorylate β-catenin at the S675 site. Therefore, we provide direct evidence of a regulatory cascade consisting of Net1-GTPase-PAK1 that controls canonical Wnt signaling, and demonstrate that the C-terminal phosphorylation of β-catenin is a critical requirement for dorsal development of zebrafish embryos. 
Results

Zebrafish net1 is essential for organizer formation and dorsal fate specification
Mammalian Net1 was found to be a RhoA-specific GEF that is upregulated in many carcinomas to enhance cell migration and invasion [42] [43] [44] [45] [46] , but its function during embryonic development has not been fully described. Zebrafish net1, which encodes a protein sharing a similar domain architecture and a high sequence identity with its human and mouse orthologs (57.17% and 57.66%, respectively), was first identified as a dorsally expressed gene at the onset of gastrulation [32] . Wholemount RNA in situ hybridization revealed that zebrafish net1 transcript was absent during maternal stages and was first detected in a dorsoventral gradient in the blastoderm margin with the highest level in the dorsal side at 30% epiboly stage ( Figure 1A ). At shield stage, net1 expression became more restricted to the dorsal organizer, and retained a lower level in the lateral margin ( Figure 1A ). Consistent with its organizer expression, net1 was most notably expressed in the axial mesoderm at mid-gastrulation stage (75% epiboly; Supplementary information, Figure S1A ). Interestingly, as segmentation proceeds during somitogenesis, the expression domain of net1 moves to the presomitic mesoderm (Supplementary information, Figure S1A ). In addition, western blot analyses revealed that Net1 protein was absent in maternal stages, but started to be expressed before gastrulation ( Figure 1B) . By using a more sensitive detection system, semi-quantitative RT-PCR, we found that zebrafish embryos began to express net1 transcript around MBT (1K-cell stage; Figure 1C ). These results indicate that net1 is an early zygotic gene which may have potential roles in organizer formation and dorsal fate specification.
As net1 is one of the previously identified Nodal/ Smad2 target genes at the onset of gastrulation [32] , we next explored whether the expression of net1 at the dorsal blastoderm margin is regulated by Nodal signaling. As shown in Supplementary information, Figure S1B , the expression of net1 was abolished in Nodal-deficient MZoep mutants at the 30%-epiboly and shield stages. In contrast, the dorsal expression domain of net1 was dramatically expanded in the Nodal ligand squint (sqt) mRNA injected embryos (Supplementary information, Figure S1C ). In addition, net1 expression was also obviously decreased in MZoep mutants revealed by semi-quantitative RT-PCR at sphere stage, the essential period for dorsal cell fate specification (Supplementary information, Figure S1D ). These results suggest that Nodal signal activates the expression of net1 in the pre-dorsal organizer.
In order to investigate the developmental function of net1, we first used morpholino-based gene knockdown technology to disrupt net1 expression in wild-type zebrafish embryos. Two splice-blocking morpholinos (MO1 and MO2) targeting different exon-intron boundaries of net1 pre-mRNA were designed and synthesized. Compared with mismatched control morpholino (cMO) injection, the injection of 4 ng of either MO1 or MO2 efficiently blocked the expression of endogenous net1 mRNA and protein, and only the interfered mRNA products were detected in the morphants (Supplementary information, Figure S2A and S2B). These results indicate the specificity and efficiency of net1 MOs. Embryos injected with different amounts of MO1 exhibited distinct dorsal defects in a dose-dependent manner during body plan formation, including a smaller organizer at shield stage, a variably reduced head size and shortened body axis at 24 hpf (hours post fertilization; Supplementary information, Figure S2C ). Likewise, injection of MO2 also led to similar defects in dorsal axis formation (Supplementary information, Figure S2D ).
In addition to the morphological defects in net1 morphants, expression of dorsal markers, such as boz, chd and goosecoid (gsc) was significantly decreased at sphere and shield stages ( Figure 1D -1E' and Supplementary information, Figure S2E ). However, the expression of a number of early zygotic genes including BI891768, apoeb, lrwd1 and sox11a, which are widely expressed in the whole blastoderm after MBT [47] , was not obviously changed in net1-MO1 injected embryos (Supplementary information, Figure S2F ), suggesting an essential and specific function of net1 in zebrafish dorsal fate specification. Furthermore, net1 morphants showed a much smaller dorsal neuroectoderm (as indicated by sox3 expression) which is normally induced by signals from the organizer, as well as an expanded ventral non-neural ectoderm (as indicated by gata2 and bmp2b expression; Figure 1F and 1G). To exclude the possibility that the decreased expression of dorsal marker genes in net1 morphants is resulted from MO injection-induced global defects in cell proliferation or survival, we investigated whether there are differences in cell proliferation or apoptosis between cMO and MO1 injected embryos. Immunostaining for phosphorylated histone H3 indicated a similar vigorous cell proliferation in net1 morphants compared with control embryos during gastrulation (Supplementary information, Figure S3A ). In spite of the obvious cell apoptosis revealed by TUNEL assay in net1 morphants at 24 hpf, no apparent apoptosis signal was observed in either cMO-or MO1-injected embryos at gastrula stages (Supplementary information, Figure  S3B ). Consistently, p53 mutant embryos injected with MO1 exhibited distinct morphological dorsal defects and decreased dorsal marker expression, further eliminating the potential confounding contribution of morpholino-induced p53 activation and subsequent cell death (Supplementary information, Figure S3C and S3D). Furthermore, the expression of dorsal-related tissue marker genes, including prechordal plate marker gsc, forebrain marker six3 and notochord marker ntl, was greatly decreased in net1 morphants at bud and segmentation stages (Supplementary information, Figure S4A and S4B), suggesting that these dorsal defects are not caused by MO injection-induced developmental delay. To exclude potential off-target effects of MO injection, the siR-NA-based gene-silencing strategy, which has been shown to be an alternative technique for knockdown of specific gene expression in zebrafish [48] [49] [50] , was chosen to study the function of net1. We designed and synthesized two siRNAs (siRNA1 and siRNA2) targeting different sequences of zebrafish net1 mRNA. Injection of either siRNA1 or siRNA2 into embryos dramatically decreased endogenous net1 expression and resulted in dorsal defects at 24 hpf (Supplementary information, Figure S5A and S5B). Further analyses revealed that dorsal fate determination was severely disrupted in net1 siRNA-injected embryos (Supplementary information, Figure S5C ). These observations suggest that net1 is required for organizer formation and dorsal cell fate specification in zebrafish embryos.
Next we asked whether overexpression of net1 could promote dorsal axis formation. As the injection of a very small amount of net1 mRNA (10 pg) into 1-cell stage embryos led to severe malformations of the blastoderm and very early embryonic lethality, we used an antisense photo-cleavable morpholino targeting the N-terminal Flag sequence of Flag-net1 mRNA (AS-Flag-photo-MO) to block its early translation. Embryos were injected with a mixture containing Flag-net1 mRNA and AS-Flagphoto-MO (net1 2mix) at the 1-cell stage, exposed to UV at the 64-cell stage, then harvested at sphere stage for phenotype analyses ( Figure 1H ). Embryos overexpressing net1 exhibited enlarged expression domains of dorsal markers boz and chd as compared with wild-type controls or embryos injected with net1 2mix without UV exposure ( Figure 1I and 1I'), indicating that net1 plays a positive role in dorsal axis formation. Importantly, the defects in dorsal fate specification in net1 morphants could be rescued by overexpression of net1 ( Figure 1J and 1J'), further suggesting the specificity of net1 MOs. Likewise, the decreased expression of prechordal plate marker gsc and forebrain marker six3 in bud stage morphants was also recovered by net1 overexpression (Supplementary information, Figure S6 ). All these results show that net1 acts as a zygotic factor to promote the formation of the early dorsal signaling center and establishment of the dorsal axis during zebrafish embryonic development.
Net1 enhances Wnt/β-catenin signaling
Canonical Wnt signaling is essential for the formation of the dorsal organizer and establishment of the dorsal-ventral axis in vertebrate embryos [2, 4, 14] . The fact that net1 is required for the specification of dorsal cell fates and expression of boz-the direct target of maternal Wnt/β-catenin signaling [51] , suggests that it might be an important regulator of Wnt/β-catenin signal. To test our hypothesis, we first asked whether the expression of tbx6 and cdx4, two direct targets of zygotic Wnt/β-catenin [52] [53] [54] , are also regulated by net1. As shown in pg Flag-net1 mRNA and 1 ng AS-Flag-photo-MO (net1 3mix) was co-injected into embryos, and a group of net1 3mix injected embryos were exposed to UV. The expression of boz and chd was examined by in situ hybridization at sphere stage. (D', E', I' and J') The expression levels of indicated marker genes were individually examined by qRT-PCR. The expression levels of β-actin were used as a reference to normalize the amount of mRNAs in each sample. Asterisks indicate statistical significance of difference (*P < 0.05, **P < 0.01, **P < 0.001; n = 3). Error bars indicated SD. Figure 2A , at shield stage, tbx6 and cdx4 are specifically expressed in the ventrolateral mesoderm where net1 is weakly expressed, and their expression was significantly reduced by injection of net1 MO1. Consistent with these results, knockdown of net1 abrogated Wnt-induced expression of the gfp reporter in the dorsal organizer and ventrolateral mesoderm of TOPdGFP transgenic embryos [55] (Figure 2B ), indicating that net1 is indispensable for both maternal and zygotic Wnt/β-catenin signaling activity. Moreover, the decreased expression of dorsal marker genes boz and chd in net1 morphants was restored to normal levels by co-injection with wnt8a or ΔN-β-catenin mRNA ( Figure 2C ). These data suggest that zebrafish net1 plays a pivotal role in maternal Wnt/ β-catenin signal transduction during early embryonic development. In addition, as zygotic Wnt/β-catenin signal is required for the development of ventral tissues [56] , the concomitant decrease of zygotic Wnt/β-catenin signal activity in ventrolateral mesoderm in net1 morphants was probably responsible for the absence of excessive tail tissues which are often observed in embryos with dorsal defects (Supplementary information, Figure S2C and S2D).
To identify whether net1 is a feedback modifier of Wnt/β-catenin signaling, expression of zebrafish net1 was examined in embryos possessing either insufficient or excessive levels of Wnt. As shown in Supplementary information, Figure S7A , overexpression of wnt8a or ΔN-β-catenin mRNA (encoding a constitutively active form of β-catenin) was sufficient to induce ectopic expression of chd, while inhibition of Wnt/β-catenin signaling by injection of ΔN-tcf3 mRNA (encoding a dominant negative form of Tcf3) downregulated chd expression. Surprisingly, the expression of net1 was not changed by either activation or inhibition of Wnt/β-catenin signaling in zebrafish embryos (Supplementary information, Figure S7B).
We next investigated the role of Net1 in regulating the canonical Wnt pathway in mammalian cells. Overexpression of Net1 in HEK293T cells notably increased the Wnt3a-induced activity of the super-TOPFlash luciferase reporter in a dose-dependent manner ( Figure 2D ). To further explore the function of endogenous mammalian Net1, we analyzed the effect of net1 knockdown on β-catenin/TCF-dependent transcription. We designed two short hairpin RNAs (shRNAs, named as net1 shRNA1 and net1 shRNA2) against two different regions of human net1, both of which effectively inhibited endogenous Net1 protein expression ( Figure 2E ). Transfection of HEK293T and MCF-7 cells with these shRNAs caused a significant decrease in luciferase activity compared with control ( Figure 2F and 2G). This effect was further confirmed by qRT-PCR analysis which revealed significantly reduced expression of Wnt/β-catenin target genes Axin2, c-myc and LEF1 in net1-shRNA transfected HEK293T cells ( Figure 2H ). Taken together, these results suggest that Net1 has a conserved function in potentiating Wnt/ β-catenin activity among different vertebrate species.
Net1 requires GEF activity to regulate Wnt/β-catenin signaling and dorsal axis formation
Net1 is a complex protein with a short C-terminal domain carrying a consensus PDZ-binding motif in addition to the catalytic DH domain and adjacent PH domain. A series of deletions and point mutations of Net1 were constructed and used to determine which domains were important for its subcellular localization and GEF activity [34, 36, 57] . To determine which domains of Net1 are important for Wnt/β-catenin signaling, we generated a zebrafish deletion mutant named Net1-ΔC4, in which the last four amino acids carrying the PDZ-binding motif have been deleted [57] , as well as two loss-of-function mutants denoted Net1-L266E and Net1-W437L, which contain point mutations in the DH and PH domains, respectively, resulting in loss of GEF activity [34] . HEK293T cells were transfected with these constructs in the presence or absence of Wnt3a to determine the effects on Wnt signaling using the super-TOPFlash luciferase reporter. We found that luciferase activity was dramatically increased by overexpression of both Net1-ΔC4 and wild-type Net1, suggesting that the PDZ-binding motif of Net1 is not necessary for the activation of Wnt/β-catenin signaling ( Figure 3A ). In contrast, GEF mutants Net1-L266E and Net1-W437L were expressed at a similar level to wild-type Net1, but were no longer able to stimulate Wnt3a-induced luciferase activity ( Figure 3B) . Moreover, the reporter activity in net1 shRNA1-transfected HEK293T cells was rescued by overexpression of wild-type zebrafish Net1, however, expression of either GEF mutant L266E or W437L did not ( Figure 3C ). In agreement with these results, co-injection of net1 MO1 with net1-L266E or net1-W437L mRNA, as compared with wild-type net1 mRNA, could not rescue the decreased expression of dorsal markers boz and chd in net1 morphants ( Figure 3D ). Furthermore, overexpression of wild-type net1 but not net1 GEF mutants expanded expression domains of chd and boz (Supplementary information, Figure S8 ). Based on these observations, we concluded that GEF activity is essential for Net1-mediated regulation of canonical Wnt signaling and dorsal fate specification.
Given that Net1 protein mainly localizes to the nucleus and that the translocation of Net1 into the cytoplasm is critical for its function in activating RhoA to stimu- late stress fiber formation [35, 58] , we then investigated whether cytoplasmic distribution of Net1 is required to regulate Wnt/β-catenin signaling. We generated zebrafish Net1 constructs in which the nuclear export signal (NES) sequence of MAPKK was added to the N terminus of an oncogenic version of Net1 (ΔN-Net1, lacking the first 60 amino acids), and the NLS sequence of SV40 large T-antigen was added to the N terminus of wild-type Net1. As expected, NES-ΔN-Net1 was exclusively localized in the cytoplasm, whereas NLS-Net1 was restricted to the nucleus ( Figure 3E ). In addition, GEF deficient mutations in NES-ΔN-Net1 and NLS-Net1 did not change their subcellular localization (data not shown). Interestingly, either NES-ΔN-Net1 or NLS-Net1 significantly increased Wnt3a-induced luciferase reporter activity ( Figure 3F ), while their cognate GEF deficient mutants (L266E and W437L) did not ( Figure 3G and 3H) . Furthermore, overexpression of NES-ΔN-Net1 or NLS-Net1 recovered the ability of net1-depleted cells to respond to Wnt3a stimulation ( Figure 3I ). Consistent with the results in mammalian cells, defects in dorsal axis formation in net1 morphants were corrected by overexpression of NES-ΔN-net1 or NLS-net1 ( Figure 3J ). Taken together, these data suggest that both cytoplasmic and nuclear Net1 can promote canonical Wnt signaling and dorsal axis formation in a GEF activity-dependent manner.
Net1 controls phosphorylation of β-catenin at serine residue 675
To elucidate the mechanisms underlying net1 function in dorsal development, we performed several experiments to map the position of Net1 activity along the canonical Wnt signaling pathway. We have confirmed that Net1 is a key modulator of Wnt ligand-triggered signal activation ( Figure 2F and 2G). We also found that shRNA knockdown of net1 in HEK293T cells significantly attenuated expression of the super-TOPFlash reporter induced by GSK-3β-selective inhibitors, LiCl and 6-bro-moindirubin-3-oxime (BIO) [59] (Supplementary information, Figure S9A and S9B). Moreover, Wnt3a-induced β-catenin nuclear accumulation was not changed in response to Net1 overexpression or depletion in mammalian cells (Supplementary information, Figure  S9C -S9E). Likewise, knockdown of net1 in embryos did not result in obvious effects on the cellular distribution of endogenous β-catenin (Supplementary information, Figure S9F ). These findings together suggest that Net1 acts in parallel with or downstream of β-catenin. Phosphorylation of β-catenin at the C-terminal tyrosine and serine residues has been shown to increase its biological activity [21] [22] [23] [24] . Specifically, the phosphorylation of S675 effectively modulates transcriptional activity of β-catenin in a variety of cells and tissues, but its effect on β-catenin stability is cell type-dependent [22, 23, 60] . We aimed to investigate whether β-catenin S675 phosphorylation is regulated by Net1 expression. In support of this hypothesis, overexpression of Net1 in HEK293T cells enhanced S675 phosphorylation in the presence of Wnt3a ( Figure 4A ). This increase in S675 phosphorylation relies on the presence of Wnt3a, as overexpression HEK293T cells cotransfected with super-TOPFlash and the indicated plasmids were treated with or without Wnt3a CM for 12 h, and harvested for luciferase assays. The expression level of wild-type Net1 and its various mutants was examined by western blots which were shown in the lower panels in A and B. **P < 0.01; ***P < 0.001, Student's t-test. (D) Zebrafish embryos were co-injected with the indicated MOs and mRNAs at the one-cell stage and subjected to UV exposure as indicated. All embryos were harvested at sphere stage for in situ hybridization. net1 3mix, 4 ng net1 MO1 together with 200 pg Flag-net1 mRNA and 1 ng AS-Flag-photo-MO; L266E 3mix, 4 ng net1 MO1 together with 200 pg Flag-net1-L266E mRNA and 1 ng AS-Flag-photo-MO; W437L 3mix, 4 ng net1 MO1 together with 200 pg Flag-net1-W437L mRNA and 1 ng AS-Flag-photo-MO. Note that the UV exposure-induced expression of wild-type Net1, but not its loss-of-function mutants, could restore the expression of dorsal marker genes in net1 morphants. (E) Hela cells were transfected with Flag-NES-ΔN-Net1 or Flag-NLS-Net1. Cells were fixed, immunostained with anti-Flag antibody and counterstained with DAPI to show the subcellular localization of these Net1 mutants. Scale bar, 10 µm. (F-I) HEK293T cells were transfected with the indicated plasmids and treated with or without Wnt3a C.M. before being harvested for luciferase assays. Note that the Wnt3a-induced response of super-TOPFlash reporter was enhanced by both cytoplasmic and nuclear Net1 (F). L266E and W437L mutants of the cytoplasmic and nuclear Net1, which lack GEF activity, lost the ability to promote Wnt/β-catenin activity (G and H). Either cytoplasmic or nuclear Net1and could restore the relative luciferase reporter activity in net1-depleted cells (I). *P < 0.05; **P < 0.01; ***P < 0.001, Student's t-test. of Net1 alone could not induce S675 phosphorylation ( Figure 4A ). In addition, Wnt3a stimulation significantly promoted wild-type β-catenin phosphorylation which could not be detected in S675A mutant-the unphosphorylated form of β-catenin (Supplementary information, Figure S10A ). These data demonstrate the specificity of the anti-phospho-β-catenin (Ser675) antibody we used in this study and further confirms the requirement of Wnt signal activation in β-catenin S675 phosphorylation.
Consistent with the requirement of Net1 GEF activity in regulating canonical Wnt signal, overexpression of Net1-L266E or Net1-W437L mutants did not increase the phosphorylation level of β-catenin S675 in the presence of Wnt3a ( Figure 4B ). We further tested the role of endogenous Net1 in regulating β-catenin phosphorylation. Knockdown of net1 expression in HEK293T cells resulted in a significant decrease of basal and Wnt3a-induced phosphorylation levels of β-catenin S675 ( Figure  4C ). Reintroduction of wild-type Net1, but not its GEF defective mutants, into net1-depleted cells reversed the reduction of β-catenin S675 phosphorylation ( Figure  4D ). Thus, Net1 contributes to β-catenin S675 phosphorylation.
We subsequently addressed the biological functions of Net1-regulated β-catenin S675 phosphorylation during zebrafish dorsal axis formation. Endogenous β-catenin in zebrafish embryos was phosphorylated at S675 at a very low level before the 1K-cell stage, but this phosphorylation significantly increased during the MBT ( Figure 4E ). Phosphorylation of β-catenin S675 was almost abolished in net1 morphants compared with wild-type control (Figure 4E) , suggesting that net1 is the major positive modulator of β-catenin S675 phosphorylation during MBT. Injection of 200 pg mRNA of wild-type net1, but not its loss-of-function mutants, could restore phosphorylation level of β-catenin at S675 in net1 MO1-injected embryos ( Figure 4F ), indicating the requirement for Net1 GEF activity for β-catenin S675 phosphorylation. To verify the functional relevance of S675 phosphorylation in dorsal axis formation, we overexpressed β-catenin S675D and S675A mutants, which respectively mimic phosphorylated and unphosphorylated forms of the protein and retain the same cellular localization as the wild-type [23] . In situ hybridization assays revealed that only injection of β-catenin S675D mRNA could significantly expand the expression domain of boz and chd in wild-type embryos ( Figure 4G) . Furthermore, β-catenin S675D mRNA also recovered the expression defects of these dorsal marker genes in net1 morphants ( Figure 4G ). Injection of β-catenin S675D mRNA induced much more expanded expression domains of boz and chd compared with wildtype β-catenin overexpression, and most importantly, resulted in a much earlier expression of these dorsal marker genes at 512-cell stage or high stage when their transcripts could not be detected in wild-type embryos or wild-type β-catenin mRNA-injected embryos ( Figure 4H and 4I). Taken together, β-catenin S675 phosphorylation is required for dorsal gene expression, and net1 reinforces dorsal development by increasing the phosphorylation of β-catenin at residue S675.
Since Nodal signal is require for the pre-dorsal organizer expression of net1, we next examined whether the Figure 4 Net1-regulated β-catenin S675 phosphorylation is required for zebrafish dorsal axis formation. (A and B) Overexpression of wild-type Net1 (A) but not Net1 loss-of-function mutants (B) results in an increase in β-catenin S675 phosphorylation. HEK293T cells transfected with plasmids encoding Flag-Net1, Flag-Net1-L266E or Flag-Net1-W437L were treated with or without Wnt3a CM. Lysates were analyzed by western blot using the indicated antibodies. (C) Knockdown of net1 leads to a significant decrease in β-catenin S675 phosphorylation. HEK293T cells were transfected with net1 shRNA expressing plasmids and treated with or without Wnt3a CM before immunoblotting. (D) HEK293T cells were co-transfected net1shRNA and Net1 plasmids, then treated with Wnt3a CM. Total cell lysates were prepared and immunoblotted with the indicated antibodies. Note that only wild-type Net1 can rescue the relative decrease in β-catenin S675 phosphorylation in net1-depleted cells. (E and F) Western blots of total lysates from wild-type embryos, 4 ng cMO or net1 MO1-injected embryos, and net1 morphants co-injected with 200 pg mRNAs encoding wild-type net1 or net1 mutants. The phosphorylation level of β-catenin S675 is upregulated around MBT (1 K-cell stage) in wild-type embryos (E, left panels), while this relative increase in β-catenin S675 phosphorylation is abolished in net1 morphants (E, right panels). β-cat, β-catenin. Only overexpression of wild-type Net1 can rescue the decrease in β-catenin S675 phosphorylation in net1 morphants (F). In panel A-F, quantification is the relative density of phospho-specific signals to corresponding total protein signals (mean ± SD, three independent biological repeats). β-catenin S675 phosphorylation is decreased in Nodal-deficient embryos. Interestingly, MZoep mutants exhibited similar phosphorylation level of β-catenin S675 as is in wild-type embryos at sphere and 30% epiboly stages (Supplementary information, Figure S10B ). As Smad4-deficient HCT116 cells show elevated PAK1 expression [61] , we speculate that the expression of some Nodal-suppressed genes might be upregulated to maintain β-catenin phosphorylation in MZoep mutants.
Net1 acts upstream of PAK1 to regulate β-catenin phosphorylation
Since S675 of β-catenin has been shown to be a major target of PAK1 and protein kinase A (PKA) [22, 23] , we first examined the potential involvement of these two kinases during dorsal axis formation in zebrafish. Embryos injected with the mRNA encoding a specific inhibitory protein for PKA (PKI) [22, 62] or treated with the PKA selective chemical inhibitor H89 [63] exhibited normal expression of the dorsal markers and the phospho-β-catenin (S675; Supplementary information, Figure S11A and S11B), thus excluding a major role for PKA in zebrafish dorsalization. These results are in good agreement with previous reports that the level of PKA activity in the dorsal region is lower than that in the ventral region from late blastula to gastrula stages, and PKA modulates morphogenetic movement but not cell fate specification during Xenopus gastrulation [64] . However, when embryos were treated with IPA-3, a selective non-ATP competitive PAK1 inhibitor, or injected with pak1 K299A mRNA, a dominant negative PAK1 mutant (dnpak1) [23] , expression of dorsal markers and phospho-β-catenin (S675) was dramatically reduced ( Figure 5A and Supplementary information, Figure S11C ). Furthermore, overexpression of pak1 T423E, a constitutively active form of PAK1 (capak1) [23] , expanded the dorsal marker expression domains in wild-type embryos, and also rescued the phenotypes resulting from net1-depletion in morphants ( Figure 5A and 5B). To explore whether the activity of PAK1 is differentially activated in the dorsal and ventral regions of the embryos after MBT, gsc:GFP transgenic fish embryos were injected with pak1 mRNA (encoding Flag-PAK1) at 1-cell stage, and cut into dorsal and ventral halves with a microblade at 30% epiboly stage. Expression of GFP, and phosphorylation of PAK1 Thr423 which occurs in activated PAK1 [65] , were only detected in the dorsal regions of zebrafish embryos, indicating that embryos were correctly dissected into ventral and dorsal halves and PAK1 is primarily activated in the dorsal blastomeres ( Figure 5C ). Importantly, net1 MO1 injection strongly repressed PAK1 phosphorylation in zebrafish embryos ( Figure 5C ). Likewise, injection of the mRNA of capak1, but not dnpak1, into net1 morphants derepressed the phosphorylation of β-catenin S675 (Figure 5D ). Thus, PAK1 activity appears to be required for dorsal axis formation, and Net1 likely promotes the C-terminal phosphorylation of β-catenin by activating PAK1 in the dorsal blastomeres.
We next examined the epistatic relationship between Net1 and PAK1 in modulating canonical Wnt signaling. Overexpression of CAPAK1 increased the luciferase activity of the super-TOPFlash reporter by approximately threefold over the control in response to Wnt3a stimulation, whereas DNPAK1 caused an approximately 50% Western blots of total lysates from sphere-stage embryos injected with the indicated MOs and mRNAs. net1 MO1, 4 ng; capak1 mRNA, 300 pg; dnpak1 mRNA, 225 pg. (E-G) HEK293T cells were transfected with the indicated plasmids and treated with or without Wnt3a CM before being harvested for luciferase assays. The Wnt3a-induced response of the super-TOPFlash reporter was enhanced by CAPAK1 and inhibited by DNPAK1 (E). Forced expression of DNPAK1 inhibited the ability of net1 to enhance Wnt3a-induced luciferase activity (F), but overexpression of CAPAK1 significantly increased Wnt/β-catenin signal transduction in net1-depleted cells (G). NS, non significant; *P < 0.05; **P < 0.01; ***P < 0.001, Student's t-test. (H) Western blot analysis showing reduced p-PAK1 in HEK293T cells transfected with plasmids expressing net1 shRNA1 or shRNA2 for 48 h. (I-K) Cell lysates from HEK293T cells co-transfected with the indicated plasmids were subjected to immunoprecipitation with anti-Flag M2 agarose beads. Total lysates and IPs were subjected to western blot analysis with the indicated antibodies. Note that overexpression of wild-type Net1, but not its loss-of-function mutants, strongly blocked the interaction between β-catenin and HDAC1 (I). In D and I, quantification is the relative density of phospho-specific signals to corresponding total protein signals, while in H, quantification is the mean relative ratio of co-immunoprecipitated signals over lysate (mean±SD, three independent biological repeats). decrease in reporter activity (Figure 5E ), suggesting that PAK1 is a positive regulator of canonical Wnt signaling as previously reported [23] . Importantly, co-expression of CAPAK1 with Net1 further increased luciferase reporter activity, while disruption of endogenous PAK1 by forced expression of DNPAK1 inhibited the ability of Net1 to enhance Wnt3a-induced luciferase activity ( Figure 5F ). However, overexpression of CAPAK1, but not DNPAK1, still dramatically induced Wnt/β-catenin signal transduction in net1-depleted cells ( Figure 5G ). In addition, the expression of phosphorylated PAK1 (Thr423) was abolished in net1 shRNA transfected cells ( Figure 5H ). PAK1 has been reported to promote β-catenin transcriptional activity by inhibiting the association of β-catenin and its general transcriptional repressor HDAC1 [23, 66] . Consistent with these previous reports, wild-type Net1, but not its GEF mutants, could strongly block β-catenin/HDAC1 interaction, but had no effects on β-catenin/LEF1/TCF4 association ( Figure 5I-5K) . These results suggest that Net1 acts upstream of PAK1 to regulate β-catenin phosphorylation and ultimately Wnt-responsive gene transcription.
Net1 dissociates and activates PAK1 dimers to promote β-catenin phosphorylation
After establishing the functional significance of the Net1-PAK1 cascade in promoting β-catenin activation during zebrafish dorsal development, we aimed to elucidate the mechanism by which Net1 enhances PAK1 activation in mammalian cells and zebrafish embryos. Co-immunoprecipitation experiments were first performed to examine relative binding affinity. The results indicated that Myc-tagged or endogenous PAK1 was specifically co-precipitated with overexpressed Flag-Net1 in HEK293T cells ( Figure 6A and 6B) . The amount of Myc-PAK1 co-immunoprecipitated with GEF defective mutants, Flag-Net1-L266E or W437L, was significantly decreased compared with wild-type control ( Figure 6C ), suggesting that their association requires Net1 GEF activity. Moreover, in contrast with wild-type PAK1, the H83L/H86L mutant containing an inactive GTPase binding domain (GBD), which cannot bind small GTPases such as Cdc42 and Rac1 [65] , showed a much lower affinity for Net1 ( Figure 6D ). Thus, Net1 is a binding partner of PAK1, and the interaction of these two proteins requires Net1 GEF activity.
Previous studies have shown that majority of PAK1 exists as inactive homodimers by the interaction between the N-terminal inhibitory switch domain and the C-terminal kinase domain [67] . GTP-bound Cdc42 or Rac1 binds to GBD of PAK1 disrupting its dimerization, resulting in fully autophosphorylated and activated monomers [65] . Both the decreased phosphorylation level of PAK1 Thr423 in net1-depleted cells ( Figure 5H ) and the physical association between these two proteins prompted us to examine whether Net1 controls PAK1 dimerization. HEK293T cells were transfected with plasmids expressing Flag-PAK1 and Myc-PAK1. Myc-PAK1 could be specifically detected in anti-Flag immunoprecipitates, suggesting the overexpressed PAK1 is in dimerized form ( Figure 6E ). As expected, PAK1 homodimers were dissociated upon co-expression of wild-type Net1 but not its mutants without GEF activity ( Figure 6E and 6F) . Interestingly, dimers of DNPAK1, the kinase-inactive mutant K299A, was similarly disrupted by Net1 overexpression ( Figure 6G ). This finding is consistent with the previous conclusions that PAK1 kinase-dead mutant, which lost its ability to autophosphorylate the crucial Thr423 residue, efficiently forms homodimers and its dimerization is strongly dissociated upon GTPase binding [65] . These data also suggest that the disruption of PAK1 homodimer by Net1 is not a consequence of autophosphorylation of key residues, including Thr423. In contrast, the association of Flag-PAK1 with Myc-tagged PAK1 was moderately enhanced in net1 shRNAs transfected cells ( Figure  6H ). These results reveal that Net1 and its GEF activity are essential for the dissociation of PAK1 homodimers.
In addition, Wnt3a stimulation strengthened the association of Net1 with PAK1 and promoted the dissociation of PAK1 homodimers ( Figure 6I and 6J) . Co-expression of Net1 with PAK1 enhanced the affinity of PAK1 kinase for its substrate β-catenin in the presence of Wnt3a (Figure 6K) . Consistently, PAK1-induced phosphorylation of β-catenin S675 was increased in cells transfected with plasmids expressing wild-type Net1 but not Net1 mutants ( Figure 6L ). These results therefore support the idea that Net1 promotes β-catenin phosphorylation via disrupting PAK1 dimerization.
Net1 activates an unidentified Rho family GTPase to regulate Wnt signaling and dorsal development
The requirements of Net1 GEF activity during Net1-regulated PAK1 activation and β-catenin phosphorylation suggest the involvement of GTPases in these processes. Although mammalian Net1 specifically activates RhoA but not Rac1 or Cdc42 [34, 68] , whether Net1 functions on zebrafish RhoA, Rac1 and Cdc42 activation has not been investigated. Previous work demonstrated that the GBD of PAK1 (PBD) binds the activated GTPbound forms of Rac1 and Cdc42, but not RhoA, while the GBD of Rhotekin (RBD) selectively binds the activated GTP-bound form of RhoA, but not Rac1 or Cdc42 [69] [70] [71] . GST-PBD and GST-RBD fusion proteins were generated and used as probes in pull-down assays to test the activation of these GTPases by Net1 overexpression in zebrafish embryos. Consistent with their mammalian homologous proteins, zebrafish Rac1, Cdc42 and RhoA were able to bind GST-PBD and GST-RBD, respectively (Supplementary information, Figure S12A ). Overexpression of zebrafish Net1 significantly increased the binding of GST-RBD and zebrafish RhoA, but had no effect on the binding of GST-PBD and zebrafish Rac1 or Cdc42, suggesting Net1 selectively activates zebrafish RhoA (Supplementary information, Figure S12A ). RhoA has context-dependent functions either enhancing or restraining Wnt/β-catenin signal [72, 73] ; we then examined whether RhoA was involved in dorsal development. Injection of RhoA-specific inhibitor C3 or overexpression of the dominant-negative rhoA mutant (rhoA-N19) in zebrafish embryos resulted in significant morphological changes including reduced body size and shortened anterior-posterior body axis at 24 hpf (Supplementary information, Figure S12B and S12C). Consistently, in rhoA-N19 mRNA injected embryos, the adaxial mosodermal tissues exhibited shorter anterior-posterior axis with more distant bilateral columns (as indicated by myod1 expression), and the notochord became wider and shorter (as indicated by ntl expression; Supplementary information, Figure S12D ). These phenotypes resembled the CE movement defects observed in rhoA morphants [41] . The inhibition of RhoA activity did not cause obvious dorsal fate defects during early embryonic development (Supplementary information, Figure S12E and S12F). Thus, RhoA is not necessary for dorsal fate specification.
To confirm the involvement of GTPases in Net1-induced β-catenin activation and dorsal development, we used compactin, a pan Rho family GTPase inhibitor, to reduce endogenous GTPase activity in mammalian cells and zebrafish embryos [74] . In HEK293T cells, compactin treatment dramatically reduced the association between Net1 and PAK1 ( Figure 7A) , and further inhibited the ability of Net1 to disrupt PAK1 dimerization ( Figure  7B ). As expected, ectopic Net1 expression stimulated super-TOPFlash reporter activity ( Figure 7C) . However, the Net1-induced promotion of reporter expression was significantly repressed by compactin treatment ( Figure  7C) . Importantly, compactin treatment decreased the expression of dorsal marker genes in wild-type embryos, and erased the rescue effects of net1 mRNA on dorsal axis formation in net1 morphants ( Figure 7D and 7E) . These data provide evidence that an unidentified Rho family small GTPase is required for Net1-regulated PAK1 homodimer dissociation, canonical Wnt signal transduction and dorsal axis formation. Overall, these results support a model consisting of the GEF Net1, which activates an unidentified GTPase but not RhoA to bind to the GBD domain of PAK1. Net1 then dissociates PAK1 homodimers and relieves the inhibition of its kinase activity to enhance canonical Wnt signal transduction by phosphorylating β-catenin at S675 during dorsal development of ebrafish embryo ( Figure 7F ).
To further confirm the function of net1 in dorsal axis formation, we generated net1 mutants using Cas9/gRNA system targeting exon 2, which encodes a unique amino acid sequence upstream of the DH domain [75] . We obtained two deletion mutants named net1Δ20 (20 bp deletion with 1 bp insertion) and net1Δ53 (53 bp deletion) (Supplementary information, Figure S13A ). Both of these two net1 mutations led to a shift of the open-reading frame with a premature stop codon. The results of in situ hybridization experiments with net1 probe and western blot analyses using an anti-Net1 antibody showed that the expression of net1 transcript and protein was totally abolished in net1Δ20 and net1Δ53 homozygous embryos (Supplementary information, Figure S13B and S13C), suggesting that these two mutants are null alleles of the net1 gene. At first glance, net1Δ20 and net1Δ53 homozygotes showed no obvious morphological defects compared with wild-type control (Supplementary information, Figure S13D ). Further analyses revealed that the dorsal marker genes were normally expressed at early stages during embryo development (Supplementary information, Figure S13E ). Thus, unlike the severe dorsal developmental defects observed in net1 morphants, no obvious phenotypes are found in net1 mutants.
The phenotypic differences between mutants and morphants may be due to the activation of a compensatory network in mutants [76, 77] . Actually, net1 MO1 or siRNA1 injection caused dorsal fate defects in wild-type embryos, but did not influence the dorsal development of mutants (Supplementary information, Figure S13F and S13G), indicating the specificity of the MOs and siRNAs used to knock-down zebrafish net1 in our study and the insensitiveness of the net1 mutants to net1 MOs and siRNAs. To identify the molecules with a compensatory role in net1 mutants, we performed RNA sequencing analyses in wild-type embryos, net1 morphants and net1Δ53 homozygotes at sphere stage. We identified a set of genes encoding GEFs, GTPases, and GTPase effectors that were upregulated in net1Δ53 mutants but not in wildtype embryos and net1 morphants ( Figure 7G ). Quantitative real-time PCR experiments using a number of primers listed in Supplementary information, Data S1, further confirmed the specific activation of most of these genes in net1Δ53 mutants ( Figure 7H) . Furthermore, net1Δ53 mutants treated with compactin or injected with dnpak1 mRNA exhibited clearly decreased expression of dorsal markers, suggesting that the upregulation of these GTPase-mediated signal transduction-related genes in net1 mutants compensates for the loss of net1 (Supplementary information, Figure S13H and S13I). In addition, these results provide valuable evidence from another perspective to support the important function of Net1 and its GEF activity in activating Wnt/β-catenin signaling during dorsal development.
Discussion
The neuroepithelial cell transforming gene net1 encodes a RhoA-specific GEF that regulates cell migration in different embryonic stages of various animal species [38] [39] [40] . In this study, we found that zebrafish net1 is prominently expressed in the dorsal side of the embryo after MBT. Loss-of-function and gain-of-function experiments in zebrafish embryos and mammalian cells revealed that Net1 acts as a zygotic factor to trigger dorsal regionalization. Mechanistically, Net1 disrupts PAK1 dimerization by activating an unknown GTPase, and subsequently promotes PAK1-mediated phosphorylation of β-catenin at S675 to fully activate Wnt/β-catenin signaling during the dorsal development of zebrafish embryos. To our knowledge, this is the first genetic evidence to demonstrate that Net1 contributes to dorsal axis formation by modulating maternal Wnt signaling. Previous studies have shown that the expression of net1 is rapidly induced by TGF-β/Smad signaling in several human and mouse cell lines [58, 78] . Our previous work also indicated that zebrafish net1 is a direct downstream target of Nodal/Smad2 signaling at the onset of gastrulation [32] . In current study, we found that Nodal signal activates the expression of net1 in the pre-dorsal organizer from sphere stage to shield stage. In the early zebrafish embryo, a dorsal to ventral gradient of Nodal activity is established [79] . As net1 exhibits highest expression level in the dorsal side but much weaker expression level in the lateral margin, we hypothesize that net1 is a high-threshold-activated gene in response to Nodal signaling. Interestingly, Nodal-deficient embryos exhibit a normal phosphorylation level of β-catenin S675. It is likely that some Nodal-suppressed genes might be upregulated to maintain β-catenin phosphorylation in Nodal-deficient embryos. In agreement with these findings, the dorsal axis still forms in embryos lacking Nodal signaling [79] [80] [81] [82] .
Overexpression of net1 can rescue the dorsal fate defects in net1 morphants and result in markedly enlarged expression domains of dorsal marker genes in wild-type embryos. Furthermore, inactivation of zebrafish net1 by an alternative technique, siRNA-based gene silencing, induces similar dorsal fate defects to those observed in net1 morphants. In addition, knockdown of endogenous net1 expression by shRNAs in mammalian cells causes a significant decrease in Wnt/β-catenin signaling activity and target gene expression. Because these different knockdown strategies lead to similar effects in zebrafish embryos and mammalian cells, it is likely that any potential off-target effects in net1 knockdown experiments are minimal.
We also generated net1 null mutants using the Cas9/ gRNA system. Surprisingly, net1 mutants display no obvious developmental defects; and are also, importantly, insensitive to the injection of net1 MOs or siRNAs. Previous biochemical and genetic studies as well as clinical reports indicate that compensatory changes may allow organisms to adapt to genetic mutations [77, 83, 84] . Such properties have also been described in zebrafish genetic studies. Embryos injected with egfl7 morpholinos exhibit severe vascular defects, while egfl7 mutants do not show any obvious phenotypes, as a set of genes are upregulated to compensate for the induced genetic alteration [76] . Interestingly, we also observed a clear upregulation of a subset of genes encoding GEFs, GTPases and GTPase effectors in net1 mutants. These net1 mutants are still sensitive to compactin treatment or PAK1 activity inhibition, strongly suggesting that upregulation of these GTPase-mediated signal transduction-related genes compensates for the loss of Net1 function during embryonic development. Thus, our findings provide another example of compensatory gene regulation in response to an altered genetic environment.
Mammalian Net1 exists in two isoforms, Net1 and Net1A, which are produced by alternative splicing and differ only in their N-terminus. Both isoforms are mainly localized in the nucleus in quiescent cells, thereby preventing them from activating RhoA [35, 36] , and their presence in the cytoplasm is tightly controlled. TGF-β/ Smad signaling has been reported to induce not only Net1 expression, but also its cytoplasmic localization, which is required for TGF-β-induced EMT of human retinal pigment epithelial cells [58] . Furthermore, active Rac1 stimulates Net1A re-localization to the cytoplasm by promoting acetylation on the N-terminal sites [85] . Although our study clearly demonstrates that both cytoplasmic and nuclear Net1 can efficiently enhance canonical Wnt signaling and dorsal axis formation, it remains to be seen if zebrafish Net1 has alternatively spliced isoforms and whether these isoforms are localized to the cytoplasm during embryonic development.
Our study suggests a role of Net1 in regulating the transcriptional activity of β-catenin. During vertebrate embryonic development, maternal β-catenin protein, the transcriptional effector of canonical Wnt signaling, is stabilized in dorsal blastomeres by asymmetrically localized Wnt ligands to initiate the dorsal-ventral axis [1, 2] . In zebrafish, the maternal wnt8a mRNA is transported from the vegetal pole to the future dorsal margin by a microtubule-dependent mechanism, which then leads to β-catenin nuclear translocation [14] . Zebrafish maternal β-catenin accumulates in the nuclei of dorsal marginal blastomeres as early as the 128-cell stage (2.25 hpf) [81, 86] , but activates the transcription of dorsal genes including boz and chd only after the MBT (about 3 hpf) to inhibit the action of ventralizing Bmp signals [2] . The mechanism by which the transcriptional activity of maternal β-catenin is inhibited before MBT remains to be elucidated. Recent evidence suggests that alterations in DNA methylation and histone modifications around the time of MBT are important for zygotic gene activation [47, [87] [88] [89] [90] . Similarly, β-catenin recruits the arginine methyltransferase Prmt2 to target promoters, thereby establishing poised chromatin architecture and priming organizer gene expression [91] . Whether the transcriptional activity of maternal β-catenin is controlled by internal self-regulating protein modifications remains unknown.
Our findings suggest that Net1 is essential for β-catenin activation to pattern the zebrafish embryonic body plan. Interestingly, we found that the relative phosphorylation level of β-catenin S675 is very low before MBT, but becomes significantly increased during and after MBT. The expression of net1 results in the phosphorylation at S675, but not protein stability of β-catenin. Importantly, overexpression of β-catenin S675D but not wildtype β-catenin could lead to a much earlier expression of the dorsal marker genes. These observations suggest that β-catenin S675 phosphorylation, which is regulated by Net1, is a key requirement for the transcriptional activity of maternal β-catenin to trigger target gene expression and establish dorsal axis in zebrafish embryos. Whether the C-terminal phosphorylation of β-catenin at other sites plays additional roles in embryonic patterning remains to be determined.
Multiple serine residues within the C terminus of β-catenin can be phosphorylated by various protein kinases. In particular, the S675 residue is a common target of PAK1 and PKA [22, 23, 60] . Our biochemical and genetic studies in zebrafish embryos and mammalian cells demonstrate that Net1 acts upstream of PAK1, but not PKA, to control β-catenin phosphorylation and dorsal axis formation. This premise is further supported because Net1 requires its GEF activity to promote β-catenin phosphorylation, and the kinase activity of PAK1 is regulated by GTP-loaded GTPases [65] . Interestingly, our results suggest that Net1 dissociates PAK1 homodimers thereby initiating PAK1 kinase activity to phosphorylate β-catenin in a GEF-dependent manner. Net1 specifically interacts with both GTP-and GDP-bound RhoA and catalyzes GDP exchange on RhoA, but not Rac1 or Cdc42 [34, 68] . Moreover, our results, as well as those from previous genetic studies, indicate that RhoA mediates cell movements during zebrafish gastrulation but not cell fate determination [41, 92, 93] . Conversely, intracellular GTP-Rac1 and GTP-cdc42, but not activated RhoA, are known to disrupt PAK1 dimerization, thereby controlling β-catenin S675 phosphorylation and Wnt signal transduction [23, 65] . Because Net1 GEF activity is required for regulating PAK1 homodimer dissociation, Wnt/β-catenin signal transduction and zebrafish dorsal axis formation, we propose that a previously unidentified GTPase exists and is activated by Net1 to regulate downstream Wnt/ β-catenin signaling and dorsal patterning. Compactin, a pan Rho family GTPase inhibitor, was then used to reduce endogenous GTPase activity in mammalian cells and zebrafish embryos. Compactin treatment dramatically reduced the association between Net1 and PAK1, inhibited the ability of Net1 to disrupt PAK1 dimerization, suppressed Net1-induced Wnt/β-catenin signal activity, and erased the rescue effect of net1 mRNA on dorsal axis formation in net1 morphants. These data confirm the requirement of Rho family GTPase activity in Net1-regulated canonical Wnt signal transduction and dorsal fate specification. We have tried pull-down experiments and yeast two-hybrid screening using full-length zebrafish Net1 as bait to identify Net1-regulated GTPases, but did not find any useful clue. Interestingly, a recent study found that PAK1 phosphorylates Net1 on three serine residues and negatively regulates its GEF activity [94] , suggesting a negative-feedback loop in Net1-regulated Wnt signal activation.
In summary, our results reveal a conserved regulatory cascade of Net1-GTPase-PAK1 that controls canonical Wnt signaling in zebrafish embryos and mammalian cells. Future studies may determine whether this regulatory cascade similarly functions in the dorsal axis formation of other vertebrate animals. In addition, because upregulated net1 expression and aberrant Wnt/β-catenin signaling are widely implicated in numerous cancers [12, [42] [43] [44] [45] [46] , it will be important to investigate the functional interaction of Net1 and Wnt/β-catenin signaling in cancer cell proliferation, motility and invasiveness.
Materials and Methods
Zebrafish strains
Embryos and adult fish were raised and maintained under standard laboratory conditions. Embryos were staged by morphology as previously described [95] . Homozygous p53(M214K) mutant embryos (abbreviated as p53 −/− ) carrying a loss-of-function p53 point mutation were employed as controls to account for any non-specific cell apoptosis induced by morpholino injection. TOPdGFP transgenic embryos were used to confirm the endogenous activity of Wnt/β-catenin signaling during embryonic development. Our studies involving zebrafish embryo collection and analyses were in full compliance with the Regulations for the Care and Use of Laboratory Animals by the Ministry of Science and Technology of China, and with the Institute of Zoology's Guidelines for the Care and Use of Laboratory Animals. The experimental protocol was approved by the Animal Care and Use Committee at the Institute of Zoology, Chinese Academy of Sciences (Permission Number: IOZ-13048).
Cell lines and transfection
HEK293T, MCF-7, Hela and L cell lines (American Tissue Culture Collection, ATCC, USA) were cultured in DMEM medium supplemented with 10% FBS in a 37 °C humidified incubator in a 5% CO 2 environment. The Wnt3a-expressing L cell line was grown under similar conditions, but supplemented with 0.4 mg/ ml G-418 to select for Wnt3a-expressing cells. The Wnt3a conditioned medium (Wnt3a CM) was generated following the protocol of ATCC. For Wnt stimulation experiments, Wnt3a CM was mixed with normal culture medium at the volume ratio 1:1. Cell transfection was performed using Lipofectamine 2000 (11668019, Invitrogen) following the manufacturer's instructions.
RNA and morpholino microinjection
Capped mRNAs for zebrafish net1, wnt8a, ΔN-β-catenin, β-catenin S675D, β-S675A, dnpak1, capak1 and rhoA N19 were syn- thesized in vitro from corresponding linearized plasmids using the mMessage mMachine kit (Ambion). The following morpholinos were synthesized by Gene Tools and re-suspended in nuclease free water: net1 MO1 (5′-CTTGCTCCGGCTGTACTCACCTCTT-3′), net1 MO2 (5′-AAAGAATGTACAAACCTTTCGGGCT-3′), control MO (mis-MO1) (5′-CTTCCTGCGCCTGTAGTCAC-GTCTT-3′) and AS-Flag-photo-MO (5′-TCATCGTCGTpCTTG-TAGTCCAT-3′). Microinjection was performed as previously described. For net1 mRNA overexpression experiments, embryos were co-injected with pre-mixed Flag-net1 mRNA and AS-Flagphoto-MO (200 pg Flag-net1 mRNA and 1 ng AS-Flag-photo-MO per embryo) at 1-cell stage, then treated with 365 nm UV 10 min by Lightbox (Gene Tools, LLC) at 64-cell stage, and collected at sphere stage. All of these processes were conducted under constant dark conditions.
Whole-mount in situ hybridization
Digoxigenin-UTP-labeled antisense RNA probes were transcribed using MEGAscript Kit (Ambion) according to the manufacturer's instructions. Whole-mount in situ hybridizations (WISH) were performed according to previously published methods [32] .
Embryonic treatment
To block RhoA activity, embryos were injected with 1 nl of 20 µM C. botulinum toxin C3 transferase (C3) (A8724, Sigma) at the 1-cell stage, then collected at sphere stage for WISH. To disrupt Ras family GTPase activity, embryos were treated with 10 µM compactin (M2537, Sigma) at the 16-cell stage, then harvested at the sphere stage for subsequent experiments. To inhibit PAK1 activity, embryos were treated with 10 µM IPA-3 (I2285, Sigma) at the 1-cell stage, and then subjected to in situ hybridization at sphere stage. To repress PKA activity, embryos were treated with 10 µM H89 dihydrochloride hydrate (B1427, Sigma) at the 16-cell stage, and collected at sphere stage for WISH.
Dual-luciferase reporter assays
For the luciferase reporter assays, either HEK293T or MCF-7 cells were transfected with super-TOPFlash and the indicated plasmids. The Renilla luciferase reporter was used as an internal control. Cells were stimulated with or without Wnt3a CM for 12 h before harvesting for luciferase activity assays. Each luciferase reporter assay was repeated at least three times, and the average activity was calculated.
Immunoprecipitation and western blot analysis
For immunoprecipitation assays, HEK293T cells were transfected with the indicated plasmids. Cells were harvested 48 h after transfection and lysed with TNE lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA and 0.5% Nonidet P-40) containing a protease inhibitor cocktail. Lysates were subjected to immunoprecipitation assay as previously described [32] .
For immunoblotting, we used affinity-purified anti-Flag (F2555, Sigma), anti-HA (CW0092A, CW), anti-Myc (M047-3, MBL), anti-β-catenin (M24002, Abmart), anti-Phospho-β-catenin (Ser675) (4176, Cell Signaling Technology), anti-PAK1 (2602, Cell Signaling Technology), anti-Phospho-PAK1 (Thr423) (2601, Cell Signaling Technology), anti-Net1(AI13372, Abgent), anti-Phospho-Histone H3 (3377, Cell Signaling Technology), anti-GFP (A11120, Thermo Fisher) and anti-GST (M20007, Abmart) antibodies.
Immunofluorescence analysis
Cells on coverslips were fixed in 4% paraformaldehyde/PBS for 10 min at room temperature then permeabilized with 0.2% Triton X-100/PBS for 10 min. After 30 min blocking in 1.5% FBS/PBS, cells were incubated with the indicated antibodies for 1 h at room temperature or overnight at 4 °C. 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI, 10236276001, Sigma) was used to counterstain nuclei. All immunofluoresence images within each experiment were captured using Nikon A1R+ confocal microscope under the same settings.
Statistical analysis
Student's t-test was performed to analyze all data sets (Microsoft Excel software). At a minimum, experiments were performed in triplicate. Results were considered statistically significant at P < 0.05.
